Introduction
Tiger nut (Cyperus esculentus L.) is a grass-like plant belonging to the sedge family and is cultivated in Africa, southern Europe, and the United States (Tetteh and Ofori, 1998; Bamishaiye and Bamishaiye, 2011) . Since it has small tubers that contain oil, starch, protein, minerals, and vitamins, it is a potential economic crop (Reid et al., 1972; Belewu and Abodunrin, 2008) . Tiger nut tubers in Spanish are called "chufa" and are also known under different names such as earth nut, rush nut, and edible galingale (Karababa et al., 2001) . Tiger nuts are mainly used in the production of nonalcoholic beverages that are traditional in Spain (horchata de chufa) and Africa (kunnun aya). Besides this, they are consumed as a snack food and their flour is used in baking (Codina-Torella et al., 2015) . Due to wide usage opportunities and the search for new plants, tiger nut recently became an attractive alternative crop for farmers and the food industry in Turkey. However, although there are two registered varieties, they could not be farmed due to not being known nationwide and a shortage of harvesting mechanization.
Varieties originally from Africa and Spain are available (Codina-Torella et al., 2015) . These varieties generally are classified according to their colors and shapes. There are three main varieties: black, brown, and yellow. Among these, the yellow and brown varieties are available on the market. The yellow variety is preferred to other varieties because of its large size, attractive color, and fleshier body. This variety also yields more milk and contains lower fat and higher protein (Okafor et al., 2003; Abano and Amoah, 2011; Bamishaiye and Bamishaiye, 2011) . Tetteh and Ofori (1998) identified four different subtypes of the Kwahu-type tiger nut according to their shape and size. Type 1 has small, round nuts; type 2 has fairly large, round nuts; type 3 has large but elongated nuts; and type 4 has long, slender nuts, which may be straight or sickle-shaped.
It is essential to know the engineering properties of plant material in the design and development of machinery and equipment for processing. To this end, many researchers have focused on determining the physical and mechanical properties of plant material for many years (Fraser et al., 1978; Kabas and Vladut, 2016) .
Though there is much research related to the chemical and nutrient composition of tiger nuts in literature (Karababa et al., 2001; Adekanmi et al., 2009; Arafat et al., 2009) , there is limited information about its physical properties. Abano and Amoah (2011) investigated the effect of moisture content on some physical properties of the black variety of tiger nut including dimension, mass, density, angle of repose, and coefficient of friction. Oyerinde and Olalusi (2013) also determined some physical properties and compressive strength of the yellow and brown varieties of tiger nuts depending on moisture content.
It has been observed that the physical properties of tiger nut varieties registered in Turkey such as shape and dimension seem different from varieties cultivated abroad. Therefore, this current study was carried out to determine some physical and mechanical properties of these varieties at different moisture content levels. Thus, it was aimed to obtain engineering properties of tiger nut tubers, which can be used as design parameters for suitable harvesting machinery and food processing equipment.
Materials and methods
Two tiger nut varieties registered in Turkey, Sarışeker and Balyumru, were used in the study. The tiger nut tubers were harvested by hand from the field. They were cleaned and manually separated to remove damaged tubers and all foreign materials. First, tests were done immediately after harvesting. The tubers were then dried under ambient conditions for several days to reduce the moisture content for the purposes of the study. Hence, four moisture contents were obtained for tubers: 40%, 30%, 20%, and 10% on average, which can be characteristic of average moisture contents during tiger nut harvesting and processing. The average moisture contents of the samples were determined by oven drying at 105 °C for 24 h.
For size determination, three principal dimensions, length, width, and thickness of 100 tubers, were measured using a digital vernier caliper with an accuracy of 0.01 mm. In order to weigh each tuber, a weighing balance with an accuracy of 0.001 g was used. The geometric mean diameter, sphericity, and surface area of tubers were calculated using the following equations (Mohsenin, 1978; Akcali et al., 2006; Arslan and Vursavus, 2008) :
where D g is the geometric mean diameter (mm), f is the sphericity (%), S is the surface area (mm 2 ), L is the length (mm), W is the width in (mm), and T is the thickness (mm).
The bulk density (r b , g cm -3
) of tiger nut tubers was determined using a standard test weight procedure by filling a scaled container with the tubers. The bulk density was then calculated as the ratio of the mass of the tubers to the volume of the container. A toluene displacement method was used to determine the true density (r t , g cm -3
). The volume of toluene displaced was found by the weighed quantity of tubers in toluene (Mohsenin, 1978; Sitkei, 1986; Singh and Goswami, 1998) . To obtain the 1000-tuber weight, 100 tubers were weighed and multiplied by 10. The porosity (e) was computed from the following formula (Mohsenin, 1978; İnce et al., 2008) :
where e is the porosity (%), r b is the bulk density (g cm -3
), and r t is the true density (g cm -3
). In order to determine the angle of repose, a specially constructed prism with dimensions of 300 × 190 × 130 mm with a moveable wall was used. After filling the box with tubers, the moveable wall was pulled carefully. After this, the tubers flowed along a horizontal line and the angle between the static bulk main line and horizontal plane was measured (İnce, 2008) .
The static coefficient of friction of tubers against three surface materials, plywood, galvanized sheet, and iron sheet, was examined. To this end, a group of tubers was placed on the tilting surface. The surface was then slowly raised up until the tubers started moving. At the moment of movement, the angle was read from the scale (İnce, 2008) . The coefficients of friction were obtained by computing the tangent of the angles.
The terminal velocities of tiger nut tubers were measured by using a wind column experimental set, which was positioned vertically. An air stream was directed through a tube with a diameter of 71.36 mm, which had a monitoring window, by using a blower. Air flow was adjusted by changing the blower speed by an electric motor with a frequency invertor. For each test a tuber was dropped into the tube and monitored from a suspended position in the air stream. The air velocity at that moment was measured by a THIES anemometer with 0.1 m s -1 accuracy.
To determine the mechanical behavior of tiger nut tubers, quasistatic compression tests were performed with a Lloyd material testing machine (model LRX Plus) equipped with 5000 N load cell and computer. Since the width and thickness values were very close to each other, two loading positions, with a vertical and horizontal axis, were used in the compression tests. Each sample was placed between two plates and compressed at 10 mm min -1 until tuber rupture was initiated (Figures 1a and  1b) . Each test was repeated 30 times. The rupture point was determined from the force-deformation curve. The mechanical properties of tubers were expressed in terms of firmness, energy absorption, and power requirement.
Firmness is regarded as the ratio of force to deformation at the rupture point and it was computed using Eq. (5) (Khazaei et al., 2002) . Energy absorption was determined directly from the chart by calculating the area under the force-determination curves (Eq. (6)). Power requirement for cracking the tuber at the rupture point was computed by using Eq. (7) (Khazaei et al., 2002) :
where Q is the firmness (N mm -1
), E a is the energy absorption (mJ), P is the power requirement (W), F is the force (N), D is the deformation (mm), and V is the loading rate (mm min -1 ).
The data recorded in each of the tests were statistically analyzed using a two-factor randomized complete block design to study the effects of four moisture contents and two varieties on some physical properties explained in this section. Furthermore, a three-factor randomized complete block design was used to study the effects of four moisture contents as well as two varieties and three abrasion surfaces on the coefficient of friction. Lastly, a three-factor randomized block design was used to analyze the effects of four moisture contents, two varieties, and two loading axes on some mechanical properties such as maximum force, deformation at maximum force, firmness, energy absorbed, and power requirement at maximum force. Duncan's multiple range test was used to compare the means. Furthermore, the effect of tiger nut variety and loading axis on some physical and mechanical properties was examined using the generalized t-test on the difference of mean values. Each experiment was replicated 5 times for friction tests, and tests for bulk density, true density, 1000-tuber mass weight, angle of repose, and porosity measurements were repeated 100 times for dimensional measurements and 30 times for mechanical tests. Statistical analysis was done using SPSS 20.0 for Windows. Table 1 demonstrates a summary of the statistical results for all the physical properties measured. As seen in the table, all physical properties of the tiger nut tuber, except sphericity, were affected by moisture content at a 1% probability level. However, it was observed that variety only had a statistically significant effect on width, geometric mean diameter surface area, and terminal velocity at different probability levels. Moisture contentvariety interaction only had a significant effect on length and bulk density. The dimension is an important parameter for selection of separation method and equipment design. A review of Table 1 reveals that as the moisture content decreased within the range of 40%-10% (wet basis), all dimensions of tubers decreased: length by 15.7% and 18.6%, width by 23.6% and 13.1%, and thickness by 20.4% and 21.3% for the Sarışeker and Balyumru varieties, respectively. On average, the contraction was highest in thickness considering both varieties together. Based on these results, geometric mean diameter also decreased with decreasing moisture content by 18.0% and 17.7% for Sarışeker and Balyumru, respectively. Moreover, it was found that the moisture contents of 30% and 20% were in the same group statistically for all corresponding parameters according to Duncan's multiple range test results. The sphericity, which expresses the shape character of the material, also decreased with decreasing moisture content for Sarışeker from 63.90% to 65.74%. On the contrary, the sphericity increased as moisture content decreased for Balyumru from 63.05% to 63.74%. However, these changes were not statistically significant. These sphericity values were quite smaller than the varieties investigated by Abano and Amoah (2011) and Oyerinde and Olalusi (2013) .These results indicate that since the tubers are quite far from the shape of a sphere, circular holes cannot be used for sieving from the particles.
Results and Discussion
The bulk and the tuber density results are also presented in Table 1 . The bulk density decreased with decreasing moisture content from 0.55 g cm -3 to 0.46 g cm -3 for Sarışeker and from 0.51 g cm -3 to 0.48 g cm -3
for Balyumru. The decrease in bulk density was due to moisture loss, which was higher than the volumetric Table 1 . Some physical properties and statistical results of two tiger nut varieties. expansion of the bulk. While the bulk density does not show statistically significant differences at 30% and 20% moisture content, it was found to be significant at 40% and 10%. The tuber density decreased from 0.63 g cm -3
to 0.59 g cm -3 for Sarışeker and from 0.61 g cm -3 to 0.56 g cm -3 for Balyumru at moisture contents of 40% and 20%. Afterwards, it increased to around 0.70 g cm -3 for both varieties. The increase of tuber density at low moisture content was due to the greater contraction of tubers at low moisture content. A similar trend was also reported by Abano and Amoah (2008) .
Mass and 1000-tuber mass decreased almost twofold as moisture content decreased from 40% to 10% for both varieties. This reduction was significant at a 1% probability level for both mass and 1000-tuber mass. Furthermore, there were no statistical differences between moisture contents of 20% and 10%. The surface area decreased as moisture content decreased by 34.2% for Sarışeker and by 32.0% for Balyumru. Change of surface area was not found statistically different for 30% and 20% moisture contents. The difference between varieties for surface area was found to be significant at a 5% probability level (Table 1) .
The terminal velocity also had a decreasing trend with decreasing moisture content for both varieties. These changes were found to be the same for 40% and 30% moisture content levels while there were no differences between 20% and 10% moisture content levels according to Duncan's multiple range test results. The angle of repose varied from 25.30° to 23.80° and from 26.20° to 24.02° for Sarışeker and Balyumru, respectively. The reason is that the moisture on the tuber surface holds the tubers together by surface tension as reported by Oyerinde and Olalusi (2013) . Moisture contents of 30% and 10% were found to be in the same group statistically. Moreover, despite the angle of repose values being very close to each other, the difference between the varieties was found to be significant at a 1% probability level (Table 1) .
The porosity increased with decreasing moisture content for both varieties. This increase was less at moisture contents ranging between 40% and 20%. The porosity was found to be approximately two times higher at 10% moisture level. As a result of this, there were no significant differences between higher moisture contents. However, the difference between varieties was found to be significant at a 5% probability level.
The results of the friction coefficients, which affect the design of the processing machine, are tabulated in Table  2 according to abrasion surface. As seen in Table 2 , all parameters examined in the test and their interactions were statistically significant for friction coefficients at a 1% probability level. The friction coefficient decreased while the moisture content decreased. The results of Duncan's multiple range tests showed that the difference among the friction coefficients was statistically significant for moisture contents. Moisture contents of 20% and 10% were found within the same group. The highest friction coefficient was determined on a wooden surface at 40% moisture content level as 0.72 and 0.67 for Sarışeker and Balyumru, respectively. The lowest value of friction coefficient was found on galvanized sheet due to its smoother surface. There were no differences between varieties in terms of friction coefficients.
The rupture force, deformation at rupture point, firmness, energy absorbed, and power requirement for the tiger nut varieties as a function of moisture content and loading position are given in Table 3 . The required force to initiate tuber rupture decreased nonlinearly as the moisture content decreased for both loading position and varieties. This relationship was found statistically significant at a 1% probability level. For both loading positions, the rupture force showed a decrease at up to 30% moisture content level; thereafter it increased at a moisture content of 20% and it reached the lowest value at 10% moisture content. The same trend was observed for both varieties. The reason for this is that the tubers become softer due to their internal structure and they are smashed under the compression load. The differences among the rupture force values at moisture contents of 40% and 20% were found to be statistically insignificant. The overall rupture force values varied between 94.05 N and 136.29 N and between 125.11 N and 187 .29 N for vertical and horizontal loading positions, respectively. This difference was also found to be statistically significant at a 1% probability level.
The measured deformation values for the tubers compressed in the vertical loading position were always higher than those for the horizontal loading position. In the vertical loading position, deformation at rupture point decreased from 4.99 mm to 2.79 mm for Sarışeker and from 4.88 mm to 2.81 mm for Balyumru while moisture content decreased from 40% to 10%. In the horizontal loading position, the deformation decreased from 3.32 mm to 2.16 mm and from 3.38 mm to 1.66 mm for Sarışeker and Balyumru, respectively. According to the variance analysis results, the decrease in deformation with moisture content was significant for both loading positions. The decrease in deformation is attributed to the fact that the elastic limit of the tubers decreased. The t-test results showed that there were significant differences between deformations in vertical and horizontal loading positions.
From Table 3 , it can be observed that firmness at rupture point increased nonlinearly as the moisture content decreased. Considering the varieties together, the firmness values ranged from 24.33 N mm -1 to 40.09 N mm -1 for the vertical loading position and from 50.57 N mm -1 to 81.06 N mm -1 for the horizontal loading position at the moisture content levels examined. The reason for this is the high decrease in deformation at low moisture content levels. The firmness values in the horizontal loading position were approximately two times higher than those of the vertical loading position, and this difference was significant at a 1% probability level. The effect of moisture content on firmness was also statistically significant at a 1% probability level. However, it was found that firmness values at moisture contents of 40%, 30%, and 20% were in the same group according to Duncan's multiple range test results.
Energy absorption for both loading positions decreased nonlinearly as moisture content decreased. The highest energy absorption was obtained as 310.18 mJ at 40% moisture content level for the vertical loading position. While the effect of moisture content on energy absorption was significant at a 1% probability level, this relationship was found to be insignificant for the loading position. However, Duncan's multiple range test results showed that the moisture contents of 40% and 20% were in the same group. The energy absorption values at 10% moisture content level were about 2.5 times smaller than those of higher moisture content levels. That means that, in order to avoid high energy consumption, tiger nut tubers must be processed at lower moisture contents.
In both the vertical and horizontal loading positions, power requirement also decreased nonlinearly as the moisture content decreased. The power requirement values varied between 0.0114 W and 0.0078 W in the vertical loading position and 0.0157 W and 0.0104 W in the horizontal loading position at the moisture content levels examined. Decreases in moisture content affected the power requirement significantly at a 1% probability level. Furthermore, moisture contents of 40% and 20% were in the same group. Power requirement in the horizontal loading position was higher than that in the vertical loading position, and this difference was significant at a 1% probability level according to variance analyses.
A review of Tables 1-3 reveals that there was no difference between the Sarışeker and Balyumru varieties in terms of width, thickness, mass, bulk and tuber densities, friction coefficient, deformation, firmness, and power requirement. While 1000-tuber mass, sphericity, terminal velocity, and angle of repose were significant at a 1% probability level, length, geometric mean diameter, surface area, porosity, force, and energy absorbed were found to be significant at a 5% probability level. The Sarışeker variety has higher values considering the significant parameters except terminal velocity and angle of repose.
In conclusion, all physical and mechanical parameters studied in this research were affected by moisture content. As moisture content decreased, all parameters decreased with the exception of tuber density, porosity, and firmness. Comparing the varieties from a physical properties point of view, although the values of 1000-tuber mass, sphericity, terminal velocity and angle of repose, length, geometric mean diameter, surface area, and porosity were close to each other, these parameters showed differences at different probability levels. As for the mechanical properties, only force and energy absorbed values were found to be different at a 5% probability level. These results show that our varieties have smaller values compared to varieties cultivated abroad in terms of the physical and mechanical parameters investigated in this work. This must be taken into consideration while designing suitable harvesting machines and food processing equipment.
